Ribulose bisphosphate (RuBP), a substrate of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), is an inhibitor of Rubisco activation by carbamylation if bound to the inactive, noncarbamylated form of the enzyme. The effect of Rubisco activase on the dissociation kinetics of RuBP bound to this form of the enzyme was examined and characterized with the use of 3H-labeled RuBP and proteins purified from spinach (Spinacia oleracea L.) In the absence of Rubisco activase and in the presence of a large excess of unlabeled RuBP, the dissociation rate of bound [1-3H]RuBP was much faster after a short (30 second) incubation than after an extended incubation (1 hour). After 1 hour of incubation, the dissociation rate constant (K&ff) of the bound RuBP was 4.8 x 10-4 per second, equal to a half-time of about 35 minutes, whereas the rate after only 30 seconds was too fast to be accurately measured. This time-dependent change in the dissociation rate was reflected in the subsequent activation kinetics of Rubisco in the presence of RuBP, C02, and Mg2+, and in both the absence or presence of Rubisco activase. However, the activation of Rubisco also proceeded relatively rapidly without Rubisco activase if the RuBP level decreased below the estimated catalytic site concentration. High pH (pH 8.5) and the presence of Mg2 in the medium also enhanced the dissociation of the bound RuBP from Rubisco in the presence of RuBP. In the presence of Rubisco activase, Mg2 , ATP (but not the nonhydrolyzable analog, adenosine-5'-O-[3-thiotriphosphate]), excess RuBP, and an ATP-regenerating system, the dissociation of [1-3H]RuBP from Rubisco was increased in proportion to the amount of Rubisco activase added. This result indicates that Rubisco activase-mediated hydrolysis of ATP is required for promotion of the enhanced dissociation of the bound RuBP from Rubisco. Furthermore, product analysis by ion-exchange chromatography demonstrated that the release of the bound RuBP, in an unchanged form, was considerably faster than the observed increase in Rubisco activity. Thus, RuBP dissociation was experimentally separated from activation and precedes the subsequent for-
The initial reactions in photosynthetic CO2 reduction and photorespiratory carbon oxidation are catalyzed by Rubisco (EC 4.1.1.39), which has to be activated to be catalytically competent. In vitro, Rubisco activation is achieved spontaneously by incubation with CO2 and Mg2+, resulting in the formation of a carbamate in the active site (12) . However, the carbamylation reaction is severely inhibited by RuBP3, the substrate of the active enzyme (6) .
In vivo, the activation state of Rubisco varies with irradiance. The enzyme is fully activated at high light intensity, whereas the total amount of RuBP in the chloroplast does not vary much with irradiance (14) . Recently, it has been shown that there is a significant correlation between RuBP tightly bound to Rubisco and the estimated number of inactive Rubisco sites at various irradiances (3, 4) , implying that the kinetic characteristics of Rubisco with tightly bound RuBP are important in the regulation of Rubisco in leaves.
A soluble chloroplast protein, Rubisco activase, has been shown (16) to promote a rapid conversion of the inactive Rubisco-RuBP complex to an active form, which is also carbamylated (22) , in the presence of otherwise inhibitory concentrations of RuBP. In vitro, activation of Rubisco by this protein requires ATP and Mg2`and is inhibited by ADP (19, 21) . However, many of the details of how Rubisco activase mediates the activation of RuBP-bound Rubisco are still unclear.
In this study, the dissociation kinetics of Rubisco-bound RuBP were examined in the presence and absence of Rubisco activase by using 3H-labeled RuBP and purified spinach (Spinacia oleracea L.) Rubisco and Rubisco activase proteins. We obtained evidence that (a) binding of RuBP induced an isomerization of inactive Rubisco to a form that bound RuBP more tightly; (b) a dissociation of protein-bound RuBP from Rubisco was promoted by Rubisco activase and preceded RIBULOSE 1 , 5 (Fig. 5A) (19, 21) . Whether this is also true for the enhanced RuBP dissociation was examined. Of the various nonhydrolyzable ATP analogs (ATP-y-S, adenylyl-imidodiphosphate, and adenylyl-j3-"y-methylenediphosphate) studied, only ATP-y-S significantly inhibited both the Rubisco activation and ATPase activities of Rubisco activase (19; A.R. Portis, unpublished data). Therefore, ATP-'y-S appears to bind well to the same site as ATP. However, when we compared ATPy-S with ATP in an experiment in which [1-3H]RuBP dissociation and exchange are followed, Rubisco activase and ATP-y-S did not promote an enhanced dissociation of the bound RuBP (Fig. 5B ). This result indicates that ATP binding alone is probably not sufficient and that hydrolysis of the ATP is required for the mobilization of the bound RuBP. It should be noted that the addition of Mg2' alone (i.e. in the absence of ATP-y-S or Rubisco activase) also caused some enhancement of the release of bound RuBP (Fig. 5B and data not shown). This effect could be due to the formation of the Mg2+-RuBP complex or a difference in the affinity of RubiscoMg2`for RuBP, but this issue was not explored further.
Finally, to determine if the release of bound RuBP by Rubisco activase precedes the activation of Rubisco and to determine the fate of the bound RuBP, the increase in Rubisco activity, [1-3H] RuBP dissociation, and carboxylation of the labeled RuBP were followed in otherwise identical reaction mixtures. The results ( Table I ) clearly indicated that RuBP release was considerably faster than the increase in Rubisco activity. Furthermore, product analysis confirmed that even in the presence of CO2 and Mg2+, Rubisco activasc-promoted the release of the bound RuBP in an unchanged form and not through catalytic conversion to 3-phosphoglyceric acid. a Rubisco activity was followed in an identical reaction mixture with unlabeled RuBP and [14C]NaHCO3 (0.4 Ci mol-1).
b RuBP release was assayed by using a Centricon-30 ultrafiltration device and centrifuging an aliquot at 700g for 1 min. Over 95% of the label was initially bound.
c Samples from (b) were analyzed by ion-exchange chromatography (2) . Metabolism of [1-3H]RuBP added after preincubation and with the unlabeled RuBP, as measured in a parallel reaction mixture, was nearly identical to that shown. PGA, 3-phosphoglyceric acid.
DISCUSSION
The observed time dependency in the dissociation rate of Rubisco-bound RuBP along with previous evidence supports the idea that binding of RuBP to Rubisco is not a simple diffusion-controlled and rapid-equilibrium process. To explain the apparent slow association rate calculated from the dissociation rate constant and the equilibrium dissociation binding constant, Jordan et al. (6, 7) proposed a two-step binding mechanism in which a slow isomerization of the enzyme occurred after RuBP initially bound to the inactive form of the enzyme. In these experiments, we observed more direct evidence for an isomerization process and the existence of at least two forms of Rubisco-RuBP with distinct dissociation rate constants. A possibly related isomerization of spinach Rubisco (with a rate constant of k = 0.04 s-') was observed in the binding of the transition-state analog carboxyarabinitol bisphosphate (15) . Based on the change in dissociation rate observed after various times of incubation and assuming first-order kinetics, we estimate that the isomerization rate constant of Rubisco-RuBP is also in the range of 10-2 s-5, and thus, has a half-time of less than 0.5 min (Fig.  1) . However, differences in the initial dissociation rate at times longer than 5 min suggest that even slower intermediate changes may be occurring.
Isomerization of the Rubisco-RuBP complex results in a slower dissociation rate of the bound RuBP and restricts the access of activator CO2 and Mg2+ to the site of carbamylation (Fig. 2A) . The time dependence of RuBP binding explains previously reported differences in the ability of RuBP to inhibit spontaneous activation (compare refs. 5, 9, and 16). Thus, a more rapid rate of activation and carbamylation is observed if inactive enzyme is added to RuBP and activating CO2 and Mg2+ without preincubation with the RuBP. Edmondson et al. (5) observed that activity measurements did not accurately reflect the carbamylation level of the enzyme. Although it remains to be determined, we suspect that sufficient preincubation with RuBP severely inhibits carbamylation as well because almost no increase in activity occurred in our experiments as long as a considerable excess of RuBP was present.
It is interesting that isomerization results in an enzyme that is activated by Rubisco activase more rapidly (Fig. 2B) . The effect was small because isomerization occurs at about the same rate as activation by Rubisco activase, but it was reproducible. This suggests that the conformational change induced by RuBP binding increases the affinity of Rubisco for Rubisco activase. Recently, it was found that Rubisco activase had a mixed specificity for some sugar phosphate-bound forms of Rubisco, but had low or no activity with others (11) . The different specificities may be related to the nature or extent of the conformational change observed here.
There are a few previous measurements of the Koff of bound RuBP. The discrepancy between these values and ours may be attributed to different experimental conditions. (Fig. 4) may not account for the difference. More significantly, we found that in the presence of high CO2 and Mg2+, dissociation of the bound RuBP and the activation of Rubisco occurred quite rapidly once the RuBP level dropped below the catalytic site concentration of Rubisco (Fig. 3) .
Therefore, the differences in observed values of Koff may result either from carbamylation of some catalytic sites and then an enhancement of RuBP release from the remaining sites or from an affect of the presence of excess RuBP on the dissociation rate of the bound RuBP due to allosteric interactions between the binding sites. The latter hypothesis is attractive because a tight binding of RuBP to the inactive form of the enzyme occurs at only about six of the eight available binding sites (6, 10) . Additional experiments would be required to distinguish between these possibilities. However, because of RuBP consumption by catalysis when CO2
and Mg2+ are present and because of the very tight binding of RuBP, direct measurements of the dissociation rate of RuBP with various concentrations of free RuBP are technically difficult and were not attempted here. Furthermore, the dissociation of RuBP in the presence of a high excess of RuBP was of primary interest because these are the conditions under which Rubisco activase enhances the activation of Rubisco.
In another case, Jordan and Chollet (6) reported that the Koff for RuBP from inactive enzyme was 4.9 x 10-s-' at 20C. Assuming a twofold increase in the rate with a 100C increase in temperature, this would be equivalent to 2.4 x 10-4 s-1 at 250C, which is closer to our value of 4.8 x 10-4 s-'. However, in trying to repeat this observation, we could not observe evidence of the isomerization of the enzyme-RuBP complex to a form with a slow dissociation rate if the enzyme was always kept at this low temperature (data not shown).
It has been demonstrated that some sugar phosphates preferentially stabilize the active form of Rubisco by inhibition of the exchange of activator CO2 and Mg2+ (7), and x-ray structural studies indicate that access to the carbamate and Mg2+ site is blocked when the active site is occupied (1).
Mobilization of the RuBP from the active site would seem to be a prerequisite for carbamylation. The data in Figure 5 clearly indicate that Rubisco activase increases the dissociation of RuBP from Rubisco in a process that appears to require the hydrolysis of ATP. It is difficult to envision how this might occur without postulating that Rubisco activase binds to Rubisco at some time during this process and induces a conformational change in the RuBP binding site. Assuming that the free energy of ATP hydrolysis is about 7 to 8 kcal mol' and that one ATP is required for each RuBP to be released, the rate of dissociation could be increased by up to 105. This is considerably greater than the effect of Rubisco activase observed here. Conditions under which ATP hydrolysis is strictly coupled to activation or RuBP release have not yet been found, and thus, the actual energetic relationships between these processes remain unclear.
The data in Table I indicate that during Rubisco activasemediated activation the bound RuBP is rapidly released as RuBP and that this is followed by a much slower process in which activation of the enzyme occurs through carbamylation and Mg2' binding. Whether Rubisco activase has additional effects on the rate of the latter process remains unclear, but this is certainly possible given that the RuBP binding site must be altered and Rubisco activase can remain bound until after carbamylation occurs. Nevertheless, we now have direct evidence for an enhanced dissociation process that was suggested by previous studies on the ability of Rubisco activase to reverse the inhibition of catalysis by carboxyarabinitol 1-phosphate (17) and the inhibition of Rubisco activation by other sugar phosphates (11, 18) . The effect on RuBP dissociation is the earliest step established thus far in the process by which Rubisco activase promotes the activation of Rubisco.
In summary, the potent inhibition of Rubisco activation by preincubation with RuBP is due to an isomerization of the RuBP-inactive enzyme complex. There are several indications that allosteric interactions between the binding sites may be involved in the binding of several different sugar phosphates, but the characterization of such interactions remains largely obscure. Rubisco activase somehow binds to Rubisco and uses the energy of ATP hydrolysis to alter the active site and thus promote a more rapid dissociation of the bound RuBP and other inhibitory sugar phosphates. The release of the bound sugar phosphate allows access by CO2 and Mg2+ for subsequent activation of the enzyme. Further progress in elucidation of the specific steps in the activation process will require the development of methods to study Rubisco-Rubisco activase binding and aspects of ATP hydrolysis that are specifically coupled to the RuBP release process.
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